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1 Introduction
MINOS+ began operation in September 2013 as an extension of the MINOS experi-
ment [1], and extends the study of neutrino oscillations as well as the search for exotic
physics such as flavor changing non-standard interactions (NSI) over a baseline of 735
km. The experiment uses two magnetized tracking calorimeters placed in the NuMI
beam at Fermilab. To date MINOS+ has reported the most precise measurement of
neutrino oscillations in the atmospheric sector from a three-neutrino flavor analysis
of the full 14.3× 1020 PoT MINOS era beam sample combined with the full MINOS
and MINOS+ atmospheric neutrino samples.
MINOS/MINOS+ is able to separately produce well understood beams enriched
in neutrinos and antineutrinos and to identify neutrinos and antineutrinos on an
event-by-event basis in its magnetized detectors. This allows sensitive searches for
NSI in the µ-τ and e-τ sectors. We present results using a partial MINOS beam data
set and projected sensitivity for the full MINOS and MINOS+ beam data set.
2 Neutrino Oscillations and Non-standard Inter-
actions in MINOS
It is well established from experiment [1, 2, 3] that neutrinos undergo flavor change
as the propagate, which is explained but the quantum mechanical mixing of neutrino
flavor and mass eigenstates. This mixing is parameterized by three angles, θ12, θ13, θ23,
and a CP-violating phase, δ [4]. The presence of matter allows for alternative flavor
changing mechanisms, such as the Mikheyev-Smirnov-Wolfenstein (MSW) effect [5],
which alters the survival probability of electrons neutrinos only, through interactions
with electrons in the surrounding medium.
The survival probability of muon and tau neutrinos could be alternated by NSI [6]
with matter in a similar way to standard matter effects. The NSI Hamiltonian can be
included as a perturbation to standard oscillations. In the two flavor approximation:
HNSI = V
(
µµ µτ
∗µτ ττ
)
, (1)
where the coefficients αβ give the strength of the NSI effect on transitions between
flavors α and β. Considering only flavor changing NSI, the survival probability can
be written as
P (νµ → νµ) = 1−
[
1− cos2(2θ)L
2
m
L20
]
sin2
(
L
Lm
)
, (2)
where
1
Lm =
L0
[1± 2sin(2θ)L0µτ |V |+ (L0µτ |V |)2] 12
, (3)
L0 =
(
4E
∆m2
)
, ∆m2 = ∆m2αβ = m
2
α − m2β, E is the neutrino energy, θ is the mixing
angle, and L is the neutrino path length.
Accelerator-based oscillation experiments, and MINOS+ in particular, provide a
powerful tool for NSI searches with the ability to produce well understood beams
of neutrinos and antineutrinos separately, as NSI affects them differently. Since the
MINOS detectors are magnetized, they have the capability to identify neutrinos and
antineutrinos on an event-by-event basis. While short-baseline neutrino experiments
have constrained NSI [7], the sensitivity is improved in long-baseline experiments
from using the Earth’s matter along the neutrino path as the interaction medium.
For these reasons MINOS+ is well-suited to constrain NSI in the µ-τ mixing sector.
3 Results
The results presented here are based on an exposure of 7.09× 1020 POT in neutrino
mode, combined with a 2.95× 1020 POT exposure in antineutrino mode [8]. Due to
the opposite sign of the matter potential in Eq. 2 for neutrinos and antineutrinos,
NSI, if present, will alter the survival probability of neutrinos and antineutrinos in
opposite directions. The magnitude of µτ is proportional to the difference in proba-
bility between neutrinos and antineutrinos, and the sign of µτ is proportional to the
difference in is determined by the sign of the probability difference.
The FD neutrino and antineutrino spectra in the absence of flavor change are
predicted using the ND data by first correcting the ND spectra for inefficiency and
backgrounds and then extrapolating to the FD by a transfer matrix obtained from
simulation [1]. They are fit simultaneously to three parameters, |∆m2|, sin2(2θ),
and µτ , in the combined oscillation and NSI model in Eq. 2, using a binned log-
likelihood. The value of the mixing angle is constrained to be physical by asserting
0 ≤ sin2(2θ) ≤ 1.
The overall systematic uncertainty in the measurement is much smaller than the
statistical uncertainty. The four most significant sources are: i) the hadronic energy
scale, ii) the muon energy scale, iii) the NC background, and iv) the relative normal-
ization between the Near and Far detectors. The are included in the fit using penalty
terms. The best fit parameters from this procedure are found to be
∆m2 = 2.39+0.14−0.11 × 10−3 eV2,
sin2(2θ) = 1.00+0.00−0.06,
µτ = −0.07+0.08−0.08,
2
with the allowed region −0.20 < µτ < 0.07 (90% C.L.).
The allowed regions of fit parameters are shown in Fig. 2, where three two-
dimensional slices from a 3D likelihood surface are chosen by marginalizing over the
third parameter. Within errors the fit is consistent with no contribution to flavor
change from NSI and is in good agreement with previously published results [9, 10],
as well as with values of µτ extracted from global fits to data from multiple experi-
ments [11, 12, 13].
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FIG. 2: The 68% and 90% allowed regions for the three pa-
rameters in the combined oscillation and NSI flavor change
model given in Eq. (3). To obtain slices for each parameter
pair combination we marginalize over the third parameter as
well as over the systematic penalty parameters.
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Figure 1: 68% and 90% C.L. intervals from an NSI search using MINOS data [8]. A
total of 7.09×1020 POT in neutrino mode and 2.95×1020 POT in antineutrino mode
were analyzed.
4 Projected Sensitivity
Sensitivity to NSI in the µ-τ mixing sector can be improved by inclu ing additional
MINOS/MINOS+ data. The black curves in Fig. 2 shows projected sensitivity con-
tours when including the complete MINOS beam data set. Additional projections
are shown that include MINOS+ data: 3 × 1020 POT νµ-mode (green), 10 × 1020
POT νµ-mode (blue), and 10× 1020 POT νµ-mode plus 4× 1020 POT νµ-mode (red).
We expect an improvement of 17% from inclusion of the first year of MINOS+ data.
An improvement f 50% is proj cted for i cl sion of the full MINOS+ data set, with
nearly half of the imp ove ent contributed by the antineutrino data set.
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